The general Poincaré gauge cosmology given by a nine-parameter gravitational Lagrangian is studied from the perspective of field theory. By introducing transformations on two (pseudo-) scalar torsions, the Poincaré gauge cosmological system can be recast into a gravitational system coupled to two-scalar fields with a potential up to quartic-order. Accelerated expansions can be obtained by choosing appropriate parameters in the potential. We discussed the possibility of this system generating two types of inflation. The hybrid inflation with a first-order phase transition can be ruled out, while the slow rollover can be achieved. By considering the effective correction from loop quantum cosmology, the two-scalar fields system evolved in a potential well processes spontaneously four phases before reheating: big bounce, pre-inflation, slow-roll inflation with large enough e-folds, and pre-reheating. The only non-trivial initial condition that drives this system is the initial energy density, which is set as the maximum value allowed by loop quantum cosmology at the Planck scale.
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The standard model (SM) framework of cosmology based on Einstein's general relativity (GR) is quite successful in describing the evolution of the Universe on large enough scales [1] . The SM infers that the Universe experienced a significant accelerated expansion in the very early period, which is called the inflation. By introducing the inflation, problems such as the horizon, the flatness, the origin of perturbations, and the monopoles, that have plagued cosmologists before 1980s, can be solved naturally [2] . After years of development, some inflationary models can match the current observations in very high precision [3, 4] . Unfortunately, those models lack a more essential mechanism for the origin of the inflaton(s), namely the source(s) of inflation. The classical theory of inflation requires the Universe to experience an exponentially accelerated expansion from about 10 −36 s to 10 −32 s in the cosmic chronology [5] . This expansion drove the spatial curvature of the Universe towards extreme flatness, and established the causal correlations on the uniformity of the cosmic microwave background (CMB), and generated the seeds of largescale structure [6] . At the end of this stage, the expansion decelerated spontaneously and the Universe exited from the adiabatic process. The subsequent reheating led to various particles to be generated [7, 8] . According to the way of exiting the expansion, the inflationary models can be classified into the slow rollover and the first-order phase transition [9] . In addition, an effective correction from the loop quantum cosmology (LQC) enables to push the beginning of the whole process back to the Planck scale, where the big bang singularity have been replaced by the big bounce [10, 11] . The mechanism of inflation from big bounce to reheating is clear phenomenologically.
This work is a continuation of our previous one: Latetime acceleration and inflation in a Poincaré gauge cosmological model [12] , so we will not repeat the definitions and conventions here. To learn more about what the current work is based on, please see [12] and references therein. This series of work aims to build self-consistent cosmology to solve the problem of SM in describing the evolution of the Universe, where "self-consistent" means without extra hypothesis that we don't know very well. Systematic theory of Poincaré gauge gravity (PGG) was built by F. W. Hehl, M. Blagojević, and J. M. Nester et. al. [13, 14] . In the aspect of cosmology, a series of work in the last decade [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] (from both analytical and numerical approach) proved that it is possible to reproduce the late-time acceleration in Poincaré gauge cosmology (PGC) without "dark energy". In Ref. [26] , the authors discussed the early-time behaviors of the expanding solution of PGC with a scalar field (inflaton), while in Ref. [27] , a power-law inflation was studied in a R + R 2 model of PGC without inflaton.
We consider the nine-parameter gravitational Lagrangian L G , which reads:
where α, a i , b j are free parameters with appropriate units, called the Lagrangian parameters. We will still focus on the Friedmann-Lemaître-RobertsonWalker (FLRW) cosmology, where the spatial curvature free metric and non-vanishing components of torsion are, respectively
Where a, h, f are scale factor, scalar torsion, and pseudoscalar torsion respectively, and are functions of cosmic time t. The general cosmological equations corresponding to the action (1), on the background can be found in our former work [12] , which are cumbersome and the physical meaning lost. While, we noticed that the equations (16) and (17) in [12] can be regarded as two constraints of scalar torsion h and pseudo-scalar torsion f , and they are second-order of h and f , respectively. So we would like to recast them into the Klein-Gordon-like form by introducing the following transformations:
(the scale factors a in transformations are for absorbing the Hubble ratio H would occur in the potential to avoid tricky recursions) then, the cosmological equations (14)∼ (17) in [12] can be rewritten as:
where κ ≡ 8πG = 8π/m 2 P I with m P I the Planck mass, and the combinations of parameters are (corresponding to (18) in [12] ):
Now, the physical picture is quite clear, that the nineparameter PGC system is equivalent to a gravitational system coupled two-scalar fields (φ h , φ f ), with a potential up to quartic-order, V (φ h , φ f ). (9) and (10) are the equations of motion for φ h and φ f , respectively. They look very symmetrical except the last term in (9) . If B 0 , B 1 and
represents the strength of interaction between two scalar fields. We conclude that B 0 and B 1 must have the opposite sign so that the interaction terms in the equations of motion have opposite sign too. The different between A 1 and α measures the weight of φ 2 h in the potential V (φ h , φ f ), and analogously, A 0 and α for φ 2 f . It will be convenient to overlook the 1/a factor in front of field φ h or φ f because of the inverse factor occurred in (4) .
The above system is general because we didn't set any special assumptions on the parameters yet. In the rest of this work, we will focus on the inflationary period of this system, thus the energy densities ρ and pressures p of the matters (with equation of state parameters, i.e. EOS: w = 0, 1/3) will be neglected. In order to ensure the kinetic energy terms are positive in (8), we set B 0 > 0 and B 1 < 0. In addition, we notice that when setting A 1 = 0, the last term in (8) will offset H 2 in the left hand side of Friedmann equation (5), which degrades the entire system into the trivial situations as we studied in our former work [12] . If A 1 = 0, to remove the possible recursion in (8), we should set exactly A 1 = 2. According to the choosing of parameters, the potential (11) can be classified into several types of inflation.
Hybrid inflation with first-order phase transition We start from considering two types of hybrid inflation by means of the features of two scalar fields, Case I: (13)
Case II:
where we regard φ h as the inflaton caused the slow-roll inflationary phase, and φ f as an auxiliary field which can trigger a phase transition, occurring either before or just after the breaking of slow-roll conditions in Case I, and interchange the positions of φ h and φ f in Case II.
In the standard hybrid inflation, the curvature of potential in the auxiliary direction should be much greater than in the inflaton direction, so that the slow-roll inflation could happen when the auxiliary field rolled down to its minimum value, whereas the inflaton could remain large for a much longer time [9] . In Case I, the effective mass squared of the field φ f is equal to
, the only minimum of the potential is at φ f = 0. For this reason, we will consider the stage of inflation at large φ h with φ f = 0. However, we notice that in the potential, both φ h and φ f have the same orders and the same coefficient −6B 0 in the quartic term. φ h and φ f are highly symmetrical, especially when A 0 approximates to 1/4, so it's difficult to distinguish them from their speed of slow-rolling. Fortunately, the extra term 6(1 − α)H in the equation of motion of φ h (9) may help us to break the symmetry in potential. During the inflation, the Hubble ratio H is approximated as a constant, so it can be absorbed into the potential, and the effective potential of inflton φ h in Case I can be modified as
When φ h falls down to the critical point φ c h , the phase transition with another symmetry breaking occurs. To fulfill the condition of the standard hybrid inflation with small quartic term [28] , we assume the 1st-order term dominates the effective potential of φ h in (19) at the moment of phase transition (also throughout the inflation), i.e. (substituting φ c h into (19) 
which requires that 4A 0 − α B 0 + 2B 1 . Then, the Hubble ratio H can be estimated as:
which is a constant as we expected. However, it's easy to check that by substituting (21) into (20) , the magnitudes on both sides of " " are at the same order. This contradicts our assumption of the hybrid inflation with small quartic term, which means there is no a minimum effective potential with a non-zero vacuum energy. Theoretically speaking, the approach to hybrid inflation with a first-order phase transition failed for Case I. The same conclusion can be get for Case II. Slow-roll inflation and numerical analysis According to our presupposition that B 0 > 0, if the coefficients of the quadratic terms in potential (11) are positive with the same magnitude, and |B 1 | has the same magnitude with B 0 , we can get a potential well with a effective radius r φ A1−2α 4B0 . By choosing special values of parameters, the slow-roll inflation can be obtained in this potential well. In this scenario, the numerical analysis is more clear and convincing than the theoretical analysis. To remove the divergence at t = 0, we consider the loop quantum cosmological correction. The Friedmann equation (5) during inflation should be replaced by the effective one [29] [30] [31] [32] [33] :
where ρ c is the critical energy density which represents the maximum value of the energy density in LQC: ρ c 0.41m 4 P I . The big bang singularity will be replaced by the big bounce at the Planck scale. It is convenient to set that t B = 0, a B = 1 at the big bounce, since they can be rescaled without affecting the physical essence. The initial conditions of two scalar fields should be free, while we would like to set them equal to zero as the Hubble ratio at the big bounce, i.e. φ h (t B ) ≡ φ B h = 0, φ f (t B ) ≡ φ B f = 0, which lend to V (t B ) = 0. The maximum value that ρ φ can reach is ρ c at the big bounce. If we set ρ φ as the initial condition of ρ φ , one get the following relation at the big bounce from (8):
For simplicity, we set the initial conditions ofφ h andφ f are equivalent and read:
In the unit of m P I = 1, we set the values of parameters as:
In contrast, we set the interact coefficients B i ≡ 2B 0 − 2B 1 − B 2 to two different values: B i = −0.1 and 0.0042785. 
FIG. 1 ∼ FIG. 4 are curves of
Hubble ratio H, energy density of two-scalar fields (8) ρ φ , EOS of scalar fields w φ , and the slow-roll parameter H , respectively, where w φ ≡ −p φ /ρ φ , and H ≡ −Ḣ/H 2 . These curves of evolution show that the system starts from the big bounce, where the only non-trivial initial condition is the energy density of scalar fields, which is set to the maximum value allowed by loop quantum cosmology at the Planck scale. Then after a phase transition, which we call it "pre-inflation", the system enters the stage of slow-roll inflation. During the pre-inflation, the EOS changes from positive to negative. The time interval of inflation depends on the strength of interaction between two scalar fields. The positive coefficient of interaction represents the kinetic energy transfer from φ h to φ f , and negative in contrast. After a nearly constant stage, the system decay rapidly, which we call it "pre-reheating". Then the subsequent oscillation indicates that the system has entered a stage of reheating. To match the current observations, the stage of inflation should last long enough, which can be quantified by e-folds N inf :
where a i is the scale factor at the moment t i of the inflationary onset, which is defined by the time when the Universe begins to accelerateä(t i ) = 0, i.e.ä(t) first changes its sign right after the bouncing phase [32] .
The end of the inflation is defined by the time t f when the accelerating expansion of the Universe stops, i.e. w φ (t f ) = −1/3. Using these definitions, we calculate the e-folds for two B i s: N inf (B i = −0.1) = 13.5 and N inf (B i = 0.0042785) = 62.8, which observations prefer the second case. We plot the evolution of the effective mass squared of the field φ f in FIG. 5 . According to our analysis on the first-order phase transition in Case I, the phase transition will happen when this effective mass squared becomes negative. The numerical simulation shows again that the phase transition cannot be achieved in this potential well system. At last , FIG. 6 shows that the 3D phase diagram of two scalar fields φ h and φ f evolute in the potential well. The system starts from the big bounce phase with trivial initial conditions: φ h = φ f = 0 and V (φ h , φ f ) = 0, except a non-vanishing kinetic energy. Driving by this initial kinetic energy, the system climbs to the high level of the potential well, preparing for the slow-roll inflation. Then the slow-roll inflation occurring on the wall of the potential well, where the deep inflation happened after the inflection point, where φ f is approximate to 0, and φ h almost constant. At last, the system drops down from the wall of the potential well, towards the origin point of the phase space, then leads to the reheating.
In summary, the general Poincaré gauge cosmology with a nine-parameter gravitational Lagrangian is equivalent to a gravitational system coupled to twoscalar fields. By choosing appropriate parameters, we constructed a potential well from the quartic-order potential function, and the slow-roll inflation can be obtained in this potential well. To push the onset of inflation back to the Planck scale, so that the initial conditions can be set in a natural way, we considered the effec- tive correction from loop quantum cosmology. The complete quantum theory of the Poincaré gauge gravity and cosmology is still far from being established. However, the effective correction can be used temporarily without affecting the results on inflation. For other types of inflation and the late-time acceleration from this system will be studied in the future. It is worth looking forward to get an uniform and self-consistent evolution of the Universe from the general Poincaré cosmology. We thank Prof. Abhay Ashtekar for helpful comments. Lixin Xu is supported in part by National Natural Science Foundation of China under Grant No. 11675032. Hongchao Zhang is supported from the program of China Scholarships Council No. 201706060084.
